Abstract--The crystal structure of a synthetic boehmite sample has been refined to an R of 0.047 in the space group Amam from X-ray powder diffraction data. Inclusion of hydrogen atoms and/or refinement in the space group A21am gave poorer results. Cell dimensions were determined as a = 3.6936 (_+ 0.0003), b = 12.214 (-+ 0.001), c = 2.8679 (_+ 0.0003) ~,. All AI-O(OH) distances lie between 1.88 and 1.91/~. Shared octahedral edges are 2.51-2.52/~, and unshared octahedral edges are 2.86-2.87/~, in excellent agreement with those for layered silicates. The O-H... O distance between contiguous octahedral sheets is 2.71/~. The computed X-ray pattern matches closely with the experimental pattern, indicating the degree to which the crystal structure has been determined.
INTRODUCTION
The crystal structure of boehmite, AIO(OH), has been studied only by X-ray powder diffraction since sufficiently large single crystals, either natural or synthetic, are unknown. The general attributes of the boehmite structure, space group Amam with Z = 4, were determined from synthetic materials by Reichertz and Yost (1946) , who based their analysis on the structure oflepidocrocite, FeO(OH), an isomorph ofboehmite. The structure of lepidocrocite was determined by Ewing (1935) from oscillation and rotation photographs of a naturally occurring single crystal. The powder data of Reichertz and Yost (1946) were limited to 10 useful reflections, and their structure suggested a large A1-O distance, 2.06 ,~, and a small O-H... O distance, 2.47 /~, smaller than any similar distance previously known.
Milligan~and McAtee (1956) investigated the diffraction patterns of several synthetic boehmites, two of which were prepared hydrothermally. They presented a detailed listing of calculated and observed d-values and intensities and suggested Amam as the most likely space group. Their structure showed one rather large AI-O distance of 1.99 A, and an O-H... O distance of 2.70/~ between neighboring octahedral sheets.
An X-ray study of boehmite prepared by reaction of steam on aluminum at 220~ was reported by Bezjak and Jelenic (1964) . They suggested that the space group may be C222, Pnna, or Pbcn, but indicated Amam as the most probable. They used least squares and Fourier methods to refine the atomic coordinates and anisotropic temperature parameters and obtained an R of 0.05 for an unspecified number of reflections. Their structure showed an A1-O distance of 1.94/~ and an O-H . . . O distance of 2.63 ,~. Recently, Christensen and Christensen (1978) reinvestigated the structure of lepidocrocite by neutron powder diffraction. The best agreement between observed and calculated intensities was obtained when the structure was refined in the space group Cmc2~ (= A21am), an acentric variation of Amain. The lower space-group symmetry was a result of the noncentered location of the hydrogen atoms. The data recorded at room temperature gave 16 resolved peaks with contributions from 108 reflections and refined to an R of 0.13.
One objective of our investigation of the synthesis and characterization of boehmite was to determine the atomic coordinates as accurately as possible. The conflicting nature of the previous studies led to an examination of the data for boehmite given in the J.S.P.D. Data File (starred card number 21-1307). The data on this card are not satisfactory for several reasons. Two errors are noted; Z was incorrectly given as 2, and two adjacent d-values were indexed as (320). The d-value of 0.9818 A was unindexed, and little distinction was made between intensities whose values were small, e.g., 17 reflections were listed with an intensity equal to 2 on a scale of 100 = strongest, while 5 reflections were recorded with intensity <2. We attempted to refine these data in space group Amam with correct (hkl) values and with intensities having values <2 given a value of unity. Refinement of the structure gave an R of 0.10, but gave an unreasonably large A1-O distance of 2.14 A and a rather small A1-OH distance of 1.80 A.
Our inability to extract satisfactory atomic coordinates for boehmite from the literature prompted us to record our own X-ray powder data and to refine both the cell dimensions and the atomic coordinates. Refinement was attempted in the space groups Amam and A21am with and without the presence of hydrogen atoms. We also analyzed the limits of error in all of the derived parameters. This information was not given or not presented in a quantitative manner in any of the previous studies.
EXPERIMENTAL
Boehmite was synthesized by the method presented by Hsu (1967 The reflections were indexed on the basis of an orthorhombic cell, and the cell dimensions were refined in a least-squares program. The relationship of d-value, (hkl), and cell dimensions for an orthorhombic cell was treated as a linear equation in the variables 1/a z, l/b 2, and 1/cL The quantity minimized was the sum of the squares of the differences between the observed and calculated values of 1/dL Standard deviations of the refined cell dimensions were derived from the diagonal terms of the inverted matrix. Solution of the normal ment was E w ] kFo 2 -Fc 2 ] 2, where w is the weighting factor which was set at unity for all reflections, k is a scale factor, and Fo and Fc are the observed and calculated structure factors, respectively. Standard deviations in the refined parameters were estimated from the diagonal terms of the inverted matrix from the final least-squares cycle.
equations yielded the results shown in Table 2 . Only nonmultiple reflections and/or reflections whose d-values could be read with certainty were included. Thirtythree reflections with equal weight were used.
CRYSTAL STRUCTURE REFINEMENT
Atomic positions and isotropic temperature factors were refined by standard three-dimensional leastsquares techniques using the CRYM crystallographic computing package (DuChamp, 1964) . Initial coordinates were the "ideal" coordinates of Reichertz and Yost (1946) who derived them from an application of Pauling's Rules. Initial B-values were chosen as 0.5 for A1 and 1.0 for O and OH. A starting B-value of 3.0 was chosen for the hydrogen atom when it was included. All nonmultiple reflections were used in the refinement, and equal weights were given to all reflections. We considered the inclusion of the multiple (031)/(140) reflection to be justified here as the (140) peak made a negligible contribution to the intensity of this reflection. Scattering factors for fully ionized atoms were taken, for the most part, from volume 4 of the International Tables for X-ray Crystallography with the real component of the anomalous dispersion correction included. The scattering factor for 0 2-was taken from Suzuki (1960) . The hydroxyl group was approximated as Oregardless of whether the hydrogen atoms were included or not. The parameters varied in the refinement were the y-coordinates of three atoms, their corresponding B-values, and the scale factor.
The function minimized in the least-squares refine- The x and z coordinates for the three atoms listed are required by symmetry to be 0.25 and 0.00, respectively.
1 Although reported with four significant digits with no estimates of reliability, the substantial anisotropy of the thermal ellipsoids raises doubt as to the accuracy and precision of these data. RY= Reichertz and Yost (1946) , MM = Milligan and McAtee (1956) , BJ = Bezjak and Jelenic (1964).
DISCUSSION OF RESULTS
The (hkl) and calculated d-values shown in Table 1 are based on the refined cell dimensions determined in this study (Table 2 ). Cell dimensions reported in the earlier investigations are also shown in Table 2 . The cell dimensions given in the J.S.P.D. Data File and those of Bezjak and Jelenic (1964) are identical. The largest difference noted is the b-dimension; our value is about 0.01 /~ smaller than those previously reported.
Observed and calculated structure factors are tabulated in Table 1 for those reflections that were used in the crystal structure refinement in the space group Amam. Our atomic coordinates and those of the earlier investigations are set forth in Table 3 . A list of permissible reflections in space group Amam either unobserved or overlapped by more intense reflections is given in Table 4 . Most of these reflections have a computed intensity of about 1/1000 of that of the most intense reflection (020). The most intense of these weak reflections is the (311) reflection which occurs at about 86~ it is overlapped by the (202) reflection, but is barely discernible on the experimental pattern, Figure l (lower trace) . Owing to geometrical limitations in the experimental apparatus we were unable to record reflections above 159~ Two Bragg maxima are expected at angles > 159~ for Cu radiation, and our data predict that one of these, the (402) reflection, should be intense enough to be observed, while the (093) reflection should be too weak to be observed.
The final R was 0.047 after 3 cycles in the leastsquares refinement for the structure in space group Amain in which no allowance was made for hydrogen atoms 9 Inclusion of hydrogen atoms and/or refinement in the space group A21am invariably led to a higher value of R. Holm et al. (1958) indicated that the O-H 9 . 9 O bond in boehmite was asymmetric on the basis of their NMR analysis. They suggested that a reinterpretation on the basis of the acentric space group A2tam was in order. However, they noted that if "the structure was disordered in such a way that the polarity of each infinite O-H... O chain bears no relation to the polarity of neighboring chains, . . . the effective space group could be centric." Our findings do not indicate an acentric space group.
Pertinent atomic distances computed from our coordinates and distances computed from coordinates found in previous studies are given in Reichertz and Yost (1946) and larger than the 2.63 ,~ indicated by Bezjak and Jelenic (1964) , but virtually the same as that given by Milligan and McAtee (1956) . The degree to which the boehmite structure is known as determined in the present study is portrayed in Figure 1 where the entire experimental pattern and a computed pattern are shown together. The details of the program that generated the computed pattern will be published separately. Briefly, the calculated intensities based on the refined atomic coordinates were apportioned for each (hkl) value into a 2:1 ratio at the computed 20 values for the wavelengths of Cu Kal and Cu Ka2. Intensities were calculated by means of the relationship Ic = p ] F 12L, where p is the multiplicity factor, F is the structure factor, and L is the powder Lorentzpolarization factor. Each intensity value was distributed by means of a Cauchy function, whose form is [1 + c~,. A(20) 2] 1, centered at the appropriate positions of Kal and Kaz for each (hkl), and computed to a minimum angular distance of 10~ on either side of the peak maximum. The constant, c,., in the Cauchy function was determined empirically by estimating it from two of the reflections observed on the experimental pattern. All peaks were further modified by an arbitrary broadening function whose form was ~ The vertical scale of the computed pattern was chosen to approximate that of the experimental pattern. A portion of Figure 1 is enlarged in Figure 2 to enable the reader to judge better the level of agreement between the two traces.
